The ϳ20-Hz component of the human mu rhythm originates predominantly in the primary motor cortex. We monitored with a whole-scalp neuromagnetometer the reactivity of the ϳ20-Hz rhythm as an index of the functional state of the primary motor cortex in seven patients suffering from UnverrichtLundborg type (ULD) progressive myoclonus epilepsy (PME) and in seven healthy control subjects. In patients, the motor cortex rhythm was on average 5 Hz lower in frequency and its strength was double compared with controls. To study reactivity of the ϳ20-Hz rhythm, left and right median nerves were stimulated alternately at wrists. In controls, these stimuli elicited a small transient decrease, followed by a strong increase ("rebound") of the ϳ20-Hz level. In contrast, the patients showed no significant rebounds of the rhythm. As the ϳ20-Hz rebounds apparently reflect increased cortical inhibition, our results indicate that peripheral stimuli excite motor cortex for prolonged periods in patients with ULD.
INTRODUCTION
The human cortical mu rhythm, observed over the sensorimotor areas both in electroencephalographic (EEG) and magnetoencephalographic (MEG) recordings, is characterized by dominant frequencies in ϳ10-and ϳ20-Hz bands (for a review, see Hari and Salmelin, 1997) . The ϳ20-Hz activity seems to originate dominantly in the precentral primary motor cortex, and thus can be used as an index of the functional state of the motor cortex (Jasper and Penfield, 1949; Salmelin and Hari, 1994; Hari and Salenius, 1999) .
Mu rhythm level reacts to somatosensory stimulation. For example, in healthy subjects, median nerve stimuli result in an initial small decrease of the ϳ20-Hz rhythm level, followed by a strong transient rebound within 1 s (Salmelin and Hari, 1994; Salenius et al., 1997) . The rebound is suppressed by simultaneous finger movements Schnitzler et al., 1997) , motor imagery , and even by viewing another person making finger movements (Hari et al., 1998) . The ϳ20-Hz rebound has been suggested to reflect inhibition and its suppression excitation or disinhibition of the motor cortex (Salmelin and Hari, 1994) . This view is supported by a recent transcranial magnetic study that showed decreased motor cortex excitability following median nerve stimulation with a time course corresponding to the rebound of the 20 Hz motor cortex rhythm (Chen et al., 1999) .
Patients with progressive myoclonus epilepsy (PME) of Unverricht-Lundborg type (ULD) suffer from cortical myoclonic jerks, tonic-clonic epileptic seizures and ataxia. Their cortical somatosensory responses are greatly enhanced, "giant," suggesting pathological hyperexcitability of the somatosensory cortex (Shibasaki and Kuroiwa, 1975; Chadwick et al., 1977; Karhu et al., 1994) . On the other hand, transcranial magnetic stimulation studies have suggested hyperexcitability of the motor cortex in patients with cortical myoclonus (Brown et al., 1996; Valzania et al., 1999) .
Our aim in the present study was to monitor possible changes in the reactivity of the ϳ20-Hz motor cortex rhythm in genetically homogeneous ULD patients to investigate the functional state of their motor cortex.
MATERIALS AND METHODS
Patients and control subjects. We studied 7 ULD patients (ages 18 -35 years, 3 females, 4 males) and 7 healthy control subjects (ages 25-36 years, 4 females, 3 males). The experimental protocol was accepted by the Ethical Committee of the Department of Clinical Neurosciences and an informed consent was obtained from each subject before the recording. All patients had homozygous expansion mutation in cystatin B gene in chromosome 21. Their clinical symptoms were focal and generalized myoclonic jerks, tonic-clonic seizures and cerebellar symptoms of varying degree. The patients had polytherapy with valproate, clonazepam, piracetam, topiramate, and lamotrigine in various combinations. The medication was kept unchanged before and during the measurement. A clinical neurologist divided the patients according to the severity of their motor symptoms. Table 1 summarizes the clinical details of the patients.
Stimulation and recording. The left and right median nerves (LMN, RMN) were stimulated alternately at the wrists once every 1.5 s, resulting in an interval of 3 s for each nerve. The intensity of the 0.2-ms stimulus was individually adjusted to exceed the motor threshold, and 55-90 stimuli were delivered to each nerve during one experiment. During the measurement, the subject sat relaxed with the eyes open and the head supported against the helmet-shaped bottom of the neuromagnetometer. Myoclonic signs were evaluated with continuous videomonitoring and a nurse accompanied the patient in the magnetically shielded room to monitor and report possible myoclonic jerks; only infrequent jerks were observed during the recordings.
Cortical magnetic signals were recorded in a magnetically shielded room with a whole-scalp Neuromag-122 magnetometer. The signals were bandpass filtered (0.03-190 Hz in controls, 0.03-320 Hz in patients), digitized at 0.6 kHz in controls and at 1 kHz in patients, and stored on an optical disk for off-line analysis. Head position with respect to the sensor array was determined by measuring magnetic signals from four indicator coils placed on the scalp. The coil locations with respect to anatomical landmarks on the head were identified with a 3-D digitizer.
Analysis. Stimulus-related changes of the ϳ20-Hz motor-cortex rhythm were quantified with temporal spectral evolution (TSE; Salmelin and Hari, 1994) . The signals were filtered through 10 -30 Hz (typically 10 -20 Hz in patients and 15-25 Hz in controls, depending on peak frequencies in individual spectra that were calculated with a frequency resolution of 0.3 Hz), then rectified, and finally averaged time-locked to the stimuli. The analysis period of 5 s started 2.5 s before the stimulus. The ϳ20-Hz rhythm level was quantified from the MEG channel over the contralateral sensorimotor cortex that showed the strongest stimulus-related changes. The baseline level was determined as the mean level during the 300-ms period just preceding the stimulus, and the rebound was quantified as the mean level during 400 -800 ms after the stimulus.
To ascertain that the TSE frequency bands were optimally chosen for each subject, time-frequency representations (Tallon-Baudry et al., 1996) were calculated from 5 to 35 Hz over the whole analysis period and then averaged time-locked to the stimuli. This approach provides estimates for the energy of the signal as a function of time and frequency.
Sources of the spontaneous activity were identified in one patient from the bandpass-filtered (4 -12 and 10 -20 Hz) signals recorded at rest. Equivalent current dipoles were searched with a least-squares fit over a subset of 18 -20 sensors. Dipoles were accepted only if they accounted for at least 85% of the field variance. About 50 dipoles were accepted for both frequency ranges and their locations were superimposed on magnetic resonance images, obtained with a 1.5-T Siemens Magnetom device of the patient. Statistical significance was tested by Student's two-tailed t test. Figure 1 shows for Control 6 and Patient 5 3-s epochs of the rhythmic activity during rest from one channel over the left sensorimotor cortex. The corresponding MEG spectra, shown on the right, were calculated from 2-min periods. In the control subject, the main frequency peak is observed at 12 Hz, with a minor peak at 24 Hz. In the patient, the rhythmic activity is about Note. Score for myoclonic jerks in daily life: ϩ occasional; ϩϩ frequent; ϩϩϩ very frequent myoclonic jerks. Score for ataxia: ϩ slight; ϩϩ moderate; ϩϩϩ severe. Score for disability: 1 slight, barely detectable; 2 moderate, can walk without help, clumsiness; 3 severe, needs support in walking or uses a wheelchair.
RESULTS
two times stronger and peaks at lower frequencies, 7 and 14 Hz.
The mean (ϮSEM) peak frequency of the ϳ10-Hz component of the mu rhythm was 2.5-2.7 Hz lower in patients than in controls (8.1 Ϯ 0.3 Hz vs 10.6 Ϯ 0.5 Hz over the left hemisphere, P Ͻ 0.005; 8.1 Ϯ 0.3 Hz vs 10.8 Ϯ 0.4 Hz over the right hemisphere, P Ͻ 0.001). The ϳ10-Hz spectral peak was stronger in patients than in controls (38.9 Ϯ 8.7 fT/cm vs 20.4 Ϯ 5.7 fT/cm over the left and 46.8 Ϯ 5.2 fT/cm vs 21.9 Ϯ 4.6 fT/cm over the right hemisphere; the difference was statistically significant in the right hemisphere, P Ͻ 0.005).
The ϳ20 Hz rhythm peaked at 4.6 -5.3 Hz lower frequencies in patients than in controls (15.9 Ϯ 0.8 Hz vs 20.5 Ϯ 1.2 Hz over the left and 16.3 Ϯ 1.0 Hz vs 21.6 Ϯ 1.5 Hz over the right hemisphere; P Ͻ 0.01 and P Ͻ 0.05, respectively). The strength of the ϳ20 Hz spectral peak was ϳ2-fold in patients compared with controls (21.3 Ϯ 2.9 fT/cm vs 8.7 Ϯ 1.0 fT/cm over the left hemisphere and 25.6 Ϯ 3.3 fT/cm vs 10.6 Ϯ 1.0 fT/cm over the right hemisphere; P Ͻ 0.001 for both differences).
The mean (ϮSEM) source locations of the rhythmic signals of Patient 5, superimposed on her MR images, agreed with the location of the hand region of the central sulcus. The mean location was 4 mm more anterior (P Ͻ 0.05) for the 10 -20 Hz than for the 4 -12 Hz oscillations, in agreement with previously suggested generation of the higher mu rhythm component in the precentral motor cortex. Figure 2 shows reactivity of the ϳ20-Hz level over the right sensorimotor cortex in Controls 1 and 6 and in Patients 4 and 6; the left median nerve was stimulated at time 0. In all traces, the transient increase immediately after the stimulus reflects the evoked response. In the control subjects, the ϳ20-Hz rhythm is first suppressed after the evoked response and then strongly enhanced; this "rebound" reaches its peak amplitude at 500 -700 ms. In the two patients, the behavior of the 20-Hz rhythm differs in many respects: (i) the baseline level is much stronger than in the controls, (ii) the suppression is stronger and prolonged, and (iii) there is no rebound. In controls, the rebounds peaked on average at 700 ms.
FIG. 1.
Left: 3-s periods of spontaneous activity from one MEG channel over the left sensorimotor cortex in Control 6 and Patient 5 during rest. Signals were filtered through 3-40 Hz. Right: MEG spectra of 2-min epochs from the corresponding channels (not filtered).
FIG. 2.
Stimulus-related changes in the ϳ20-Hz mu rhythm level of Controls 1 and 6 and Patients 4 and 6. Light gray shadowed areas show the suppression and dark gray shadowed areas the rebounds 400 -800 ms after stimulus.
In the patient group, the baselevel of the ϳ20-Hz activity was about double compared with that of the controls: the mean (ϮSEM) amplitudes were 44.2 Ϯ 4 fT/cm vs 19.2 Ϯ 2 fT/cm (P Ͻ 0.005) in the left and 50.0 Ϯ 4 fT/cm vs 22.0 Ϯ 1 fT/cm (P Ͻ 0.001) in the right hemisphere for patients and controls, respectively. Figure 3 shows the time-frequency representation of the 5-35 Hz energy after LMN stimulation for Control 1 and Patient 4. In the control subject, the energy is strongly enhanced, representing the rebound of the 15-to 20-Hz band 500 -700 ms after stimulus, whereas in the patient the energy decreases for about 1 s after the stimulus. Figure 4 illustrates the mean (ϩSEM) strengths of the rebounds in both subject groups. In controls, the rebounds were statistically significant on both left (P Ͻ 0.05) and right (P Ͻ 0.01) hemispheres. In patients, the mean amplitudes were negative with respect to the baselevel and did not differ statistically significantly from zero in either hemisphere. Figure 5 shows rebound strengths of all controls and patients plotted against the baselevel amplitude of the ϳ20-Hz rhythm. Although the rebound strength correlated negatively (P Ͻ 0.001) with the baseline level of the rhythm in the pooled data of both groups, no significant correlation was found between these parameters when both groups were studied separately. In addition, the strength of the rebound did not correlate either with the amplitude of the P30m deflection of the somatosensory evoked fields or with the severity of the motor symptoms.
DISCUSSION
The present results revealed clear abnormalities in the reactivity of the ϳ20-Hz motor-cortex rhythm in patients with ULD: (i) the peak frequency was about 5 Hz lower in patients than in controls, (ii) the baseline mean amplitude of the ϳ20-Hz activity was double compared with that of the controls, and (iii) there was no rebound following median nerve stimuli.
Source analysis of the signals in one patient confirmed that the higher frequency oscillations of the mu rhythm were mainly generated in the motor cortex, in line with previous studies in healthy subjects (Jasper and Penfield, 1949; Salmelin and Hari, 1994; Hari and Salenius, 1999) . Thus the ϳ8-and ϳ16-Hz mu rhythm components of our ULD patients apparently correspond to the ϳ11-and ϳ21-Hz oscillations in healthy subjects. The slowing of the mu rhythm in patients could be due to degenerative changes in the brain or due to anticonvulsive polytherapy.
The time-frequency representation confirmed that the frequency bands for the TSE analysis were chosen correctly and did not miss rebounds at any other frequencies. Since the rebound of the 20-Hz rhythm is supposed to reflect inhibition of the motor cortex (Salmelin et al., 1995; Chen et al., 1999) , the observed lack of the rebound indicates prolonged excitation of the motor cortex after somatosensory stimuli, in line with previously observed hyperexcitability of the motor cortex in patients with cortical myoclonus (Brown et al., 1996; Valzania et al., 1999) . Mechanisms underlying the higher baseline level of the motor cortex rhythm could be searched for from animal models. In monkeys, application of GABA A antagonist to the primary motor cortex enhanced both movement-related and spontaneous neuronal activity and increased the number of active neurons; the neuronal changes were accompanied by clumsy movements and muscle jerks that became so frequent that they had to be terminated with barbiturate to prevent generalized seizures (Matsumura et al., 1991 (Matsumura et al., , 1992 . These disturbances closely resemble the clinical symptoms of our ULD patients. Furthermore, the observed high baseline level of ϳ20-Hz rhythm could reflect either a larger number of active neurons or their higher synchrony. Thus our findings may reflect decreased GABA-ergic inhibition in the motor cortex of patients with ULD.
Although thalamocortical and intracortical connections are known to play an important role in the generation of cortical rhythms (Lopes da Silva et al., 1980) , the cerebello-thalamo-cortical loop may also have an effect on the motor-cortex rhythm. All our patients showed cerebellar symptoms, in line with previous neuropathological findings of loss of Purkinje cells in ULD (Haltia et al., 1969) . As the Purkinje cells have mainly inhibitory influence on the cerebellar deep nuclei, their loss could lead to enhanced cerebellothalamo-cortical output, which may affect the oscillatory activity of the motor cortex.
Common to all our patients was mutation in cystatin B gene. The patients were thus homogeneous according to the genotype accounting for their disease. The neurophysiological findings were also rather homogeneous in the whole patient group despite the great variability of the severity of the motor symptoms. However, within the patient group the rebound amplitude did not correlate with the motor disability, suggesting that the changes in the reactivity of the motor cortex are connected more closely to the mutated cystatin B gene rather than to the clinical expression of the gene mutation.
